Abstract. Ginsenoside Rc (Rc) is a major ginsenoside isolated from Panax ginseng, and has exhibited pharmacological effects on skin cells. The present study aimed to investigate the putative skin-protective properties of Rc, including its anti-photoaging and barrier function-protective effects, in human HaCaT keratinocytes exposed to UVB radiation. The protective properties of Rc were evaluated through the assessment of keratinocyte viability, reactive oxygen species (ROS) production, total glutathione (GSH) and superoxide dismutase (SOD) activity, caspase-14, matrix metalloproteinase (MMP)-2 and -9 activity, and MMP-2, MMP-9 and filament aggregating protein (filaggrin) expression following UVB irradiation. Treatment with Rc was revealed to prevent the UVB-induced increase in ROS production and pro-MMP-2 and -9 levels in HaCaT keratinocytes. In addition, treatment with Rc resulted in enriched GSH contents and enhanced SOD activity following exposure to UVB radiation. Furthermore, Rc treatment enhanced caspase-14 activity and counteracted the UVB-induced downregulation in filaggrin expression. However, no significant difference was identified between Rc-treated and normal groups in terms of keratinocyte viability, regardless of exposure to radiation. The present findings suggested that Rc may exert anti-photoaging and barrier function-protective effects in keratinocytes, and thus protect the skin against photooxidative stress induced by exposure to UV radiation.
Introduction
Ginsenosides are a class of natural products isolated from Panax ginseng and are responsible for the majority of its pharmacological properties. Ginsenosides are classified into 4 categories with regards to the chemical structure of their aglycones: i) Protopanaxadiol (PPD)-; ii) protopanaxatriol (PPT)-; iii) oleanolic acid; and iv) ocotillol-type ginsenosides (1) . Ginsenoside Rc (Rc; Fig. 1 ) is a PPD-type bioactive ginsenoside, which are present at high concentrations in several commercially available ginseng products (2) .
Rc has been reported to interfere with the intracellular production of reactive oxygen species (ROS); however, its actions remain controversial and they may vary depending on cell type (3, 4) . Under conditions of tert-butylhydroperoxide-induced oxidative stress in HEK293 cells, Rc was reported to attenuate ROS generation, through the upregulation of catalase expression, a forkhead box protein O1 (FOXO1)-targeting gene (3) . In addition, Rc was demonstrated to directly scavenge superoxide free radicals in HEK293 cells (3) . Antidiabetic properties have also been reported for Rc, as it was revealed to potentiate glucose uptake via increasing ROS production and activating 5' adenosine monophosphate-activated protein kinase and p38 mitogen-activated protein kinase, in an insulin-independent pathway (4) . Therefore, the present study aimed to evaluate the putative antioxidative properties of Rc in skin cells.
UVB radiation has been identified as a major cause of photoaging, as it initiates photooxidative reactions that disrupt the redox balance of skin cells and increase intracellular ROS levels, thus leading to oxidative stress (5) . Matrix metalloproteinases (MMPs) are responsible for the degradation of extracellular matrix (ECM) components that constitute the dermal connective tissue (6) . A UVB-induced increase in ROS production may stimulate MMPs through redox-regulated transcription factors (7) . Photoaging is the result of the degradation of dermal ECM due to enhanced MMP activation and suppressed collagen biosynthesis under conditions of oxidative stress (8) . The UV-induced gelatinolytic activity of MMP-2 and MMP-9 is involved in the development of UV-induced skin damage, including skin thickening and wrinkle formation (9) . UVB irradiation has previously been demonstrated to increase the expression of MMP-2 and MMP-9 and potentiate their gelatinolytic activity in human HaCaT keratinocytes (8) .
Filament aggregating protein (filaggrin) is an important component of the cornified cell envelope (CE) of the epidermal stratum corneum (SC), and is initially synthesized as profilaggrin, a 500-kDa highly phosphorylated His-rich protein containing 10-12 tandemly arranged filaggrin repeats in its central region (10) . Monomeric filaggrins are generated by proteolytic cleavage and dephosphorylation and trigger the aggregation of keratin filaments. Filaggrin has an important function during water retention in SC, whereas its mutations have been associated with natural moisturizing factor (NMF) deficiency in the SC, leading to skin barrier dysfunction (11) . A previous study has also reported that silencing of filaggrin expression may impair the skin barrier functions of normal human epidermal keratinocytes, primarily via targeting the CE and triggering immune responses (12) . The downregulation or complete loss of filaggrin expression has been previously reported to disturb skin barrier function and enhance the percutaneous transfer of allergens, thus suggesting that filaggrin may have a protective function against the entry of foreign environmental substances (13) .
Caspase-14 is a Cys-specific proteinase localized in stratified epithelia, including the skin, and is involved in the production of filaggrin monomers and the synthesis of NMFs in the skin (14) . Caspase-14 is activated only in terminally differentiated keratinocytes, and its downregulation has been reported to lead to impairments in skin barrier function (15) .
The findings of the present study suggested that Rc may possess protective properties against UVB-induced photooxidative damage and may exert anti-photoaging and barrier function-protective effects in keratinocytes.
Materials and methods
Chemicals. Rc (purity, ≥98%) was obtained from Ambo Institute (Daejeon, Korea; www.ambo.co.kr). Bradford reagent, MTT solution, 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA), dihydrorhodamine 123 (DHR-123), dihydroethidium (DHE), 5, 5'-dithiobis (2-nitrobenzoic acid) (DTNB), glutathione reductase (GR) and nicotinamide-adenine dinucleotide phosphate (NADPH) were purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). Ac-Trp-Glu-His-Asp-7-amino-4-methylcoumarin (Ac-WEHD-MCA) was purchased from Peptide Institute, Inc. (Osaka, Japan). Cell lysis buffer was obtained from Promega Corporation (Madison, WI, USA).
Cell culture. The human HaCaT keratinocyte cell line was purchased from American Type Culture Collection (Manassas, VA, USA). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM; HyClone; GE Healthcare Life Science, Logan, UT, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; HyClone; GE Healthcare Life Sciences), 100 U/ml penicillin and 100 µg/ml streptomycin, and maintained at 37˚C in a humidified atmosphere with 5% CO 2 .
UVB irradiation. A VL-6 M ultraviolet lamp (peak, 312 nm; Vilber Lourmat, Marne-la-Vallée, France) was the source of UVB radiation, and was used with a VLX-3 W radiometer (Vilber Lourmat) equipped with a CX-312 sensor (bandwidth, 280-320 nm; Vilber Lourmat). Prior to the irradiation, 1x10 5 cells, grown overnight and washed twice with 1 ml PBS, were resuspended in 1 ml FBS-free DMEM. HaCaT keratinocytes at 25˚C were irradiated with solar simulated UVB radiation at 70 mJ/cm 2 for 2 min, an intensity estimated to induce oxidative stress in preliminary experiments (data not shown).
Preparation of cell lysates. Adherent cells were harvested using a cell scraper, washed twice with PBS and maintained on ice for 5 min. Following centrifugation at 3,000 x g for 10 min at room temperature, the cell pellets were dissolved in cell lysis buffer containing 50 mM HEPES (pH 7.5), 10% sucrose and 0.1% Triton X-100, and maintained on ice for 30 min. Following centrifugation at 10,000 x g for 15 min at 4˚C, the supernatants were collected. Protein concentration in cell lysates was determined by the Bradford protein assay as previously described (16), using bovine serum albumin (Sigma-Aldrich; Merck KGaA) as the standard.
Intracellular ROS production. The ROS-sensitive fluorescent probe DCFH-DA produces 2',7'-dichlorofluorescein (λ excitation , 485 nm; λ emission , 530 nm) upon enzymatic reduction and oxidation by ROS (17) . DHR-123 and DHE are additional ROS probes which produce rhodamine 123 (λ excitation , 500 nm; λ emission , 535 nm) and 2-hydroxyethidium (λ excitation , 480 nm; λ emission , 525 nm), respectively, upon reaction with ROS (18) . Prior to the treatment, 1x10 5 cells, grown overnight and washed twice with 1 ml PBS, were resuspended in 1 ml FBS-free DMEM. HaCaT keratinocytes were incubated with Rc (0, 5, 12 and 30 µM) and 20 µM DCFH-DA, 5 µM DHR-123 or 5 µM DHE for 30 min at 37˚C. Then, the cells were washed twice with 1 ml FBS-free DMEM, dissolved in 1 ml FBS-free DMEM and irradiated with 70 mJ/cm 2 UVB radiation, if required. The appropriate control cells did not receive Rc and were treated with or without UVB irradiation. Intracellular ROS levels were determined via quantification of the fluorescence of the samples using the Synergy HTX Multi-Mode microplate reader (BioTek Instruments Inc., Winooski, VT, USA).
Cell viability assay. In order to investigate the cytotoxic effects of UVB irradiation on HaCaT keratinocytes, and the putative cytoprotective properties of Rc, cell viability was evaluated using an MTT assay, which reflects cellular metabolic activity (19) . A total of 1x10 5 HaCaT keratinocytes, grown overnight and washed twice with 1 ml PBS, were resuspended in FBS-free DMEM and treated with Rc for 1 h. If necessary, the cells were irradiated following the Rc treatment. The quantity of formazan dissolved in dimethyl sulfoxide, generated from the reduction of MTT by the mitochondria of viable cells, was determined by the absorbance at 540 nm using the Synergy HTX Multi-Mode microplate reader.
Gelatin zymography. The proteolytic activity of MMP-2 and MMP-9 in conditioned media, obtained through centrifugation at 10,000 x g for 10 min at 4˚C, was assessed using gelatin zymographic analysis (20) with a slight modification. Briefly, following staining of the SDS-polyacrylamide gel with 0.1% Coomassie Brilliant Blue R-250, the areas of gelatinolytic activity were identified as clear white bands against a darkly stained background. Molecular mass markers were used to verify the MMP-2 and MMP-9 activity bands at 72 and 92 kDa, respectively. The band strength was determined with densitometry using ImageJ 1.48 software (National Institutes of Health, Bethesda, MD, USA).
Western blot analysis. Western blot analysis was used to assess the protein expression levels of MMP-2, MMP-9 and filaggrin in keratinocyte lysates. The following primary antibodies were used: Anti-MMP-2 (cat. no. ALX-210-753; Enzo Life Sciences Inc., Farmingdale, NY, USA), anti-MMP-9 (cat. no. 3852S; Cell Signaling Technology Inc., Danvers, MA, USA), anti-filaggrin (cat. no. SC-30229; Santa Cruz Biotechnology Inc., Dallas, TX, USA) and anti-GAPDH (cat. no. LF-PA0212; Young In Frontier Co., Ltd., Seoul, Korea). Cellular lysates (protein content, 10 µg/lane) were separated using SDS-PAGE on a 10% (w/v) gel and electrotransferred to a polyvinylidene fluoride membrane (Sigma-Aldrich; Merck KGaA). The membranes, after blocking with 2% BSA (Sigma-Aldrich; Merck KGaA) for 1 h at room temperature, were probed with the primary antibodies at a 1:1,000 dilution at 4˚C overnight, and subsequently incubated with horseradish peroxidase-conjugated secondary antibodies (goat anti-rabbit immunoglobulin G; 1:1,000; cat. no. ADI-SAB-300; Enzo Life Sciences Inc.) at room temperature for 1 h. Protein bands were visualized by enhanced chemiluminescence using the WESTSAVE Femto detection kit (cat. no. LF-QC0109; Young In Frontier Co., Ltd.). GAPDH was used as the loading control. Densities of the protein bands were determined using ImageJ software.
Total glutathione (GSH) contents. Total GSH contents in keratinocyte lysates were evaluated using a GR-coupled enzymatic recycling assay, as previously described (21) . Lysates were incubated at 25˚C for 5 min in 200 µl reaction mixture, which contained 175 mM KH 2 PO 4 , 6.3 mM EDTA, 0.21 mM NADPH, 0.6 mM DTNB, and 0.5 U/ml GR. The absorbance of the samples at 412 nm was determined using a microplate reader. Total GSH contents, expressed as µg/mg protein, were determined using a GSH standard curve and normalized to the total protein content of cell lysates.
Superoxide dismutase (SOD) activity assay. Total SOD activity in keratinocyte lysates was determined based upon the reduction of cytochrome c with a xanthine/xanthine oxidase system, as previously described (22) . The reaction mixture (200 µl) contained 50 mM PB (pH 7.4), 0.01 U/ml xanthine oxidase, 0.1 mM EDTA, 1 µM catalase, 0.05 mM xanthine, 20 µM cytochrome c and the cell lysate. The mixture was incubated at 25˚C for 10 min. The absorbance of each sample was measured at 550 nm using a microplate reader. SOD activity was normalized to total protein contents of the lysates, and expressed as ΔA 550 /min/mg protein.
Caspase-14 activity assay. Caspase-14 activity in keratinocyte lysates was assessed using Ac-WEHD-MCA (Peptide Institute Inc.) as a fluorogenic substrate, as previously described (15) . The reaction mixture (95 µl) contained 0.1 M HEPES buffer (pH 7.5), 0.06 M NaCl, 0.01% CHAPS detergent, 5 mM dithiothreitol, 1.3 M sodium citrate, and 10 µM Ac-WEHD-MCA. Cell lysate (5 µl) was added to the mixture and incubated at room temperature for 30 min. The intensity of fluorescence (λ excitation , 355 nm; λ emission , 460 nm) was measured using the Synergy HTX Multi-Mode microplate reader. Caspase-14 activity was normalized to the protein contents of the lysates.
Statistical analysis. Data are expressed as the mean ± standard deviation. The statistical significance of the differences between groups was assessed using one-way analysis of variance followed by a post hoc Tukey's honest significant difference test for multiple comparisons. SPSS version 16.0 for Windows was used to perform the statistical analyses (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Rc treatment suppresses UVB-induced ROS production.
HaCaT keratinocytes were treated with various concentrations (0, 5, 12 or 30 µM) of Rc prior to UVB irradiation and intracellular ROS generation was assessed using ROS-sensitive probes.
The DCFH-DA assay demonstrated that UVB irradiation led to a ~8.4-fold elevation in intracellular ROS levels compared with non-irradiated control cells (Fig. 2A) . Rc was revealed to prevent UVB-induced increase in ROS production, as ROS levels were reduced to 65.7, 45.6 and 34.6% of UVB-irradiated cells following treatment with 5, 12 and 30 µM Rc, respectively ( Fig. 2A) . The DHR-123 assay indicated that UVB induced a ~6.0-fold increase in ROS production compared with non-irradiated control cells, whereas Rc attenuated the UVB-induced elevation in ROS levels in a dose-dependent manner (Fig. 2B) . Furthermore, DHE was also used as a ROS probe, and similar results were obtained, as Rc was revealed to suppress UVB-induced ROS production (Fig. 2C) . The present findings suggested that Rc may suppress intracellular ROS generation following exposure to UVB radiation in human keratinocytes.
Rc treatment does not exert cytotoxic effects in keratino-
cytes. An MTT assay was used to investigate the effects of UVB exposure and treatment with Rc on the viability of HaCaT keratinocytes. The present findings demonstrated that Rc did not exert cytotoxic actions on HaCaT cells in the concentration range that was used (Fig. 3A) . In addition, UVB irradiation did not affect the viability of keratinocytes (Fig. 3B) , and Rc did not appear to influence the viability of UVB-irradiated cells (Fig. 3B) . The present findings suggested that UVB radiation, at the conditions used in the present study, and Rc do not have a toxic effect on HaCaT keratinocytes.
Rc treatment suppresses MMP-2 and MMP-9 activity
following UVB irradiation. In accordance with a previous study (8) , UVB irradiation potentiated the proteolytic activity of MMP-2 in conditioned media (Fig. 4A) . Notably, treatment of keratinocytes with Rc attenuated the UVB-induced increase in MMP-2 activity, as 5, 12 and 30 µM Rc were revealed to reduce MMP-2 activity to 39.3, 21.0 and 8.0% of that in untreated irradiated cells, respectively (Fig. 4A) . Similarly, keratinocytes exposed to UVB radiation exhibited significantly increased MMP-9 gelatinolytic activity (Fig. 4B) , whereas Rc counteracted this effect, as 5, 12 and 30 µM Rc were demonstrated to suppress MMP-9 activity to 27.8, 21.1 and 15.4% compared with untreated irradiated cells, respectively. The present findings suggested that treatment of keratinocytes with Rc may counteract the increase in proteolytic activity following UVB exposure in vitro.
Rc treatment prevents the UVB-induced upregulation of MMP-2 and MMP-9 protein expression.
Western blot analysis demonstrated that following exposure to UVB radiation, HaCaT keratinocytes exhibited significantly increased MMP-2 protein expression levels (3.7-fold in non-irradiated control cells; Fig. 5A ). Notably, treatment with 5, 12 and 30 µM Rc reduced MMP-2 protein expression levels in UVB-treated cells to 57.2, 40.1 and 11.7% of those in untreated irradiated cells, respectively (Fig. 5A) . Similarly, UVB irradiation led to a significant potentiation of MMP-9 protein expression, whereas Rc was demonstrated to attenuate the UVB-induced MMP-9 upregulation in a dose-dependent manner (Fig. 5B) . The present findings suggested that treatment with Rc may reduce the UVB-induced upregulation of MMP-2 and MMP-9 protein expression in human keratinocytes. 
Rc treatment prevents UVB-induced GSH depletion.
The present study demonstrated that total GSH contents were significantly reduced in UVB-irradiated HaCaT keratinocytes (Fig. 6A) , which was in accordance with a previous study (23) . Notably, following treatment with 5, 12 and 30 µM Rc, total GSH levels were increased by 1.9-, 2.0-and 2.3-fold, respectively, compared with untreated irradiated cells (Fig. 6A) . These findings suggested that the increased GSH contents may be implicated in the molecular mechanisms underlying the effects of Rc against UVB-induced keratinocyte damage.
Rc treatment prevents the UVB-induced suppression of SOD activity. UVB irradiation was revealed to significantly suppress total SOD activity in HaCaT keratinocytes (Fig. 6B) . However, following treatment with 5, 12 and 30 µM Rc, total SOD activity was potentiated by 2.0-, 2.9-and 3.7-fold, respectively, compared with untreated irradiated cells (Fig. 6B) . The present findings suggested that Rc may counteract the UVB-induced impairments in SOD activity in keratinocytes in vitro.
Rc treatment enhances caspase-14 activity and upregulates filaggrin protein expression. Following exposure to UVB radiation, the activity of caspase-14 was significantly reduced (75.0% of that in non-irradiated control cells; Fig. 7A) . Notably, treatment with 5, 12 and 30 µM Rc was demonstrated to potentiate the activity of caspase-14 by 2.2-. 2.5-and 2.8-fold, respectively, compared with untreated irradiated keratinocytes (Fig. 7A) .
The protein expression levels of filaggrin were revealed to be significantly reduced in UVB-irradiated HaCaT cells compared with non-irradiated control cells (66.7% of those in non-irradiated cells; Fig. 7B ). Following treatment with 5, 12 and 30 µM Rc, filaggrin protein expression was significantly upregulated by 4.5-, 5.4-and 7.8-fold, respectively, compared with untreated irradiated keratinocytes (Fig. 7B) . The present findings suggested that treatment with Rc may counteract UVB-induced impairments in skin barrier function under conditions of photooxidative stress.
Discussion
The present study aimed to evaluate the putative antioxidative properties of Rc in UVB-exposed human keratinocytes in vitro. DCFH-DA, DHR-123 and DHE are fluorescent ROS probes and were used to investigate the effects of Rc treatment on UVB-induced ROS production. DCFH-DA, originally used as a specific probe for hydrogen peroxide, also reacts with other ROS, including hydroxyl and peroxy radicals (18) . DHR-123 reacts with hydrogen peroxide in the presence of peroxidases and may be oxidized by other oxidants, including peroxynitrite anions and hypochlorous acid (18) . DHE is used as a probe for the detection of superoxide radicals, whereas it is also oxidized by hydrogen peroxide via non-specific peroxidase catalysis (18) . The present study demonstrated that UVB irradiation led to increased ROS levels in HaCaT keratinocytes. These findings are in accordance with a previous study (24) , which reported that UVB radiation induced the production of superoxide radicals in epidermal keratinocytes, which are subsequently converted to other ROS species, including hydrogen peroxide and hydroxyl radicals. Notably, treatment with Rc was revealed to attenuate the UVB-induced increase in ROS production, thus suggesting that Rc may exert antioxidative effects against UVB-induced photooxidative stress.
MMPs have a key role during collagen degradation and have been implicated in skin photoaging (25) . Enhanced ROS levels following UV irradiation have been reported to promote the production and secretion of MMPs, including MMP-2 and MMP-9, in dermal and epidermal tissue, thus leading to skin damage and photoaging (26). In the present study, Rc treatment was revealed to attenuate the UVB-induced upregulation in MMP-2 and MMP-9 protein expression in human keratinocytes. In addition, their proteolytic activity was similarly suppressed. These findings suggested that MMP-2 and MMP-9 protein expression may be regulated by a common mechanism in keratinocytes.
Natural antioxidants have been previously reported to exert their physiological functions through the downregulation of MMP-2 and MMP-9 via various mechanisms (27) (28) (29) . Photodynamic therapy has been demonstrated to suppress the migration and invasion ability of laryngeal squamous carcinoma cells in vitro, via downregulation of MMP-2 and MMP-9 expression levels through the ROS-mediated inhibition of the mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase signaling pathway (27) . Polysaccharides derived from Inonotus obliquus have been revealed to suppress the migration and invasion ability of highly metastatic melanoma cells in vitro by decreasing the expression and activity levels of MMP-2 and MMP-9 via the inhibition of MAPK, cyclooxygenase-2 and nuclear factor-κB signaling pathways (28) . Amsacrine has been previously reported to downregulate MMP-2 and MMP-9 expression by suppression of gene transcription and promotion of mRNA decay in human leukemia cells (29) . The findings of the present study suggested that Rc may simultaneously downregulate the expression of MMP-2 and MMP-9 in keratinocytes under conditions of photooxidative stress; however, additional studies are required to fully elucidate the underlying molecular mechanisms. The present study revealed that Rc counteracted the UVB-induced depletion of GSH contents and the suppression of SOD activity. These findings suggested that the modulation of endogenous antioxidants may be implicated in the antioxidative properties of Rc; however, additional studies are required to determine the molecular mechanisms that are involved. Numerous antioxidants exert their biological roles through the upregulation of the endogenous antioxidative mechanisms of cells. Fucoxanthin is a natural antioxidant carotenoid, which is abundant in seaweed, and has been previously reported to increase GSH levels by upregulating mRNA and protein expression levels of γ-glutamylcysteine synthetase and glutathione synthetase in keratinocytes, via promoting the nuclear translocation and phosphorylation of nuclear factor (erythroid-derived 2)-like 2 (30) . The essential oil of Pogostemon cablin, which is a Chinese herb traditionally used for the treatment of skin disorders, has been reported to reduce wrinkle formation and increase skin elasticity and collagen content, possibly due to its antioxidative properties by suppressing lipid peroxidation through the potentiation of SOD, glutathione peroxidase and catalase activity (31) . Coenzyme Q has also been revealed to prevent UVB-induced photooxidative stress by increasing SOD and glutathione peroxidase activity reduced by UVB radiation in mice (32) .
In the present study, exposure to UVB radiation led to the downregulation of filaggrin expression and reduced caspase-14 activity in keratinocytes, thus suggesting the dysfunction of the skin barrier. Rc treatment was revealed to increase filaggrin expression and potentiate caspase-14 activity, thus counteracting the UVB-induced skin barrier impairments. These findings suggested that the antioxidative properties of Rc may be associated with its functions in preserving skin barrier functionality; however, additional studies are required to elucidate the underlying molecular mechanisms.
Previous studies (33) (34) (35) (36) (37) (38) have assessed the pharmacological actions of purified ginsenosides, including their anti-photoaging, anti-inflammatory, barrier function-preserving and antioxidative functions, using skin cell lines. Similar to Rc, PPD-type ginsenosides, such as Rb1 (33), Rb2 (34, 35) and Rb3 (36) , used as enantiomer mixtures, were reported to exhibit anti-photoaging properties in keratinocytes and fibroblasts. The PPD-type ginsenoside Rg3 exhibited a stereoselective anti-photoaging action, as only the S-enantiomer was revealed to have a ROS-scavenging and MMP-2 inhibitory effect in keratinocytes (37) . In UVB-irradiated keratinocytes, the PPD-type ginsenoside 20(S)-Rh2 reduced ROS generation and MMP-2 expression levels, whereas 20(R)-Rh2 downregulated MMP-2, but did not affect ROS production, thus suggesting that the two enantiomers may exert anti-photoaging effects that involve different molecular mechanisms (38) . In addition, 20(R)-Rh2 demonstrated an anti-inflammatory effect in lipopolysaccharide-stimulated macrophages, by downregulating nitric oxide, prostaglandin E2, ROS and MMP-9 levels (39). Notably, 20(S)-, but not 20(R)-PPD, was reported to prevent the UVB-induced upregulation in ROS and MMP-2 levels in keratinocytes, thus suggesting the anti-photoaging potential of 20(S)-PPD-type ginsenosides (40) . Furthermore, the PPT-type ginsenoside Rg2 exhibited stereospecific protective properties, as only the 20(S)-enantiomer was revealed to prevent UVB-induced photoaging, via upregulation of endogenous antioxidants, such as GSH and SOD (41) . Similarly, 20(S)-PPT was previously reported to exert anti-photoaging effects in UVB-irradiated keratinocytes (42) . Re, which is a PPT-type ginsenoside, was demonstrated to preserve skin barrier functionality, via enhancing CE formation, and potentiating filaggrin and caspase-14 activity in skin cells under physiological conditions (43) . Ro, an oleanolic acid-type ginsenoside, also exhibited anti-photoaging potential by counteracting the UVB-induced decrease in fibroblast GSH contents (44) . These previous findings suggested that ginsenosides may exert beneficial actions on human skin; however, the mechanisms underlying their effects may vary depending on the type of ginsenoside and their stereospecificity.
In conclusion, the present study investigated the putative anti-photoaging and barrier function-preserving properties of Rc in UVB-irradiated human HaCaT keratinocytes. Rc treatment was demonstrated to prevent UVB-induced ROS generation and suppress the expression and activity of MMP-2 and MMP-9 and counteract the UVB-induced GSH depletion and suppression of SOD activity. In addition, Rc was revealed to attenuate the UVB-induced downregulation in filaggrin expression and caspase-14 activity. The findings of the present study suggested that ginsenoside Rc may be a potential target for the development of novel strategies based on natural compounds for skin protection with fewer adverse effects.
